The theoretical method of determination of absolute atomic size, discussed in Int.
Introduction
The concept of size of atoms and ions is very useful in understanding, explaining, correlating, predicting, and even calculating many size dependent physico-chemical properties of atoms and ions.
The properties like the polarizability, electronegativity, global hardness and diamagnetic susceptibility of atoms and ions can be calculated if the sizes of atoms and ions are available. The shell structure of atoms and ions is established unequivocally by theoretical calculations and experimental verification [1] . The sizes of atoms and ions will be determined by the fundamental laws governing the gradual filing up of their shells and sub-shells by electrons followed by the physical process of inter penetration of charge clouds and the mutual shielding. The periodic trend of size variation is already set out in the chemical literature [2] .
A vast array of data labeled as metallic radii, ionic radii, covalent radii and van der Waal radii is found to appear in chemical literature and such radii are tacitly posed as the size of the atoms and ions [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . These are all experimental radii determined by crystallographers with the only significance that when such atomic and ionic radii are added they reproduce the minimum distance of separation between atoms and ions in their crystal lattices. Such approximate additivity of atomic and ionic radii was noted by several crystal chemists like Goldschmidt [18], Zachariasen [19] and Bragg [20] . But such experimental atomic and ionic radii depend upon various factors, like crystal type, its allotropic modification, co-ordination number, temperature etc. Even for a particular ion of particular oxidation state, there is an array of ionic radii for several co-ordination numbers [5] . How ever the size data referred to above are not the absolute sizes of atoms and ions and the experimental [21] [22] determination of absolute radii of atoms and ions has not been possible. However, various theoretical methods have been proposed to determine the absolute and covalent radii [4, [6] [7] [8] [9] [10] [11] . We [23] have calculated the absolute radii of atoms of 103 elements of the periodic table using the suggestion of Slater [4] that the theoretical radii of an atom or ion is the principal maximum of the radial charge density distribution function. Following the same method [4, 23] we have calculated the absolute radii of all the ions whose radii are published by Shanon [5(b) ].
Methods of Computation
The radial charge density distribution function is defined [12, 24, 25] where R is the radial part of the one-electron function. According to Slater [4] , theoretical atomic or ionic radius is the principal maximum of the radial charge density distribution function of the outer most electron of the atom or ion. Conveniently, the Slater's analytical form of the radial part of oneelectron function [23, 26] is exploited to calculate the radii as follows:
Radial charge density distribution function ρ(r) is given by ρ (r) = 4πr 2 R 2
Now in terms of Slater's analytical form of the radial part of the one-electron function [26] , the radial charge density distribution function can be written as [23] ρ (r) = 4πr 2 
where n is the principal quantum number of the electron and ξ is the orbital exponent.
Differentiating ρ (r) with respect to r and equating the result with zero, we get the maximum of the radial charge density distribution function, the theoretical radii of atom or ion. Equating the right hand side of the above equation equal to zero and replacing r by r max we obtain, (nr max 2n-1 -ξr max 2n ) = 0
According to definition, the r max is the atomic or ionic radii and it follows from above equation that the atomic or ionic radii r r = r max = n / ξ
From the above relation we obtain the formula for computing the theoretical atomic or ionic radii, r.
The orbital exponent ξ is obtained by the relation
where Z is the nuclear charge, S is the screening constant, Z * is the effective nuclear charge and n * is the effective principal quantum number. The screening constants, S, for any electron configuration may be calculated from Slater's empirical rules [26] and are also available in any standard text book of inorganic and physical chemistry. The values of n * for principal quantum number up to 6, and Z * for about 26 elements are published by Pople [27] . For the rest of the atoms with principal quantum number 7, the n * value is calculated by simple method of extrapolation and the value is approximately 4.3 [23] . The electron configurations of the ions are generated from the corresponding atomic electron configuration by removing the requisite number of electrons adiabatically from their ground state electronic configurations published by Shriver and Atkins [28] . The calculated ionic radii and those of Shanon [5(b) ] are tabulated side by side in Table 1 . A comparative study of theoretical ionic radii and Shanon's experimental ionic radii is furnished. But while citing Shandon's data, we have used the golden rule of mean wherever more than one value is cited for the same ion under different coordination number. Shanon [5] has published several radii of the same ion for its different coordination number and we have taken the mean of the crystal radii of each ion. The computed ionic sizes are used to calculate the size dependent physical properties of ions, viz. diamagnetic susceptibility, polarizability, and global hardness according to the algorithm stated below. calculating the radii of each orbital and then evaluated the diamagnetic susceptibility using eqn.(5).
The calculated molar diamagnetic susceptibilities of the ions are shown in Table 2 .
Polarizability (α)
Polarizability is a very important size dependent physico-chemical property of atoms and ions.
According to Pearson [30, 31] would be needed to ionize the system. It has been shown by Politzer et al. [32] that the polarizability, α, of a conducting sphere of radius r is given by:
But it is suggested that, due to inhomogeneity of the electron cloud, the actual formula should be 
where K is he proportionality constant. Several values of K were proposed by several groups [22, 33] .
However, we have found that K= 4.5 is more appropriate and effective [23] and have computed the polarizability of all the ions through the eqn. (7) using K= 4.5. The computed polarizability of the ions is shown in Table 3 . 
Global hardness (η)
The chemical hardness, electronegativity and polarizability are periodic properties of elements [1, 21, 34] and such periodicity is correlated in terms of shell structure of atoms. The chemical hardness of atoms is inversely related to their sizes [1, 21, 23, 34] . We [23] have derived the necessary mathematical relation between the chemical hardness and the radius of the atom
where η is a chemical hardness, e is the electronic charge in e.s.u and R is the radius of atom in cm.
The eqn.(8) further vindicates the predicted inverse relationship between the hardness and atomic radius on the basis of shell structure of atoms. Since ions are derived from the atomic electron configurations and have the shell structures, we assume that the fundamental mathematical relationship between the size and hardness of atoms remains unaltered due to the transition from atom to ion.
Hence the chemical hardness of ions is computed by the same formula given by the eqn.(8). We have calculated the chemical hardness of all the ions whose radii are computed and are shown in Table 3 .
The Difference Between Shanon's Radii and Theoretical Radii, ∆ r ∆r = r Shanon − r theoretical (9) The ∆r values are calculated through this formula for ions of as many as 14 diverse elements, viz.
Cl, Br, I, S, Se, Te, Cr, Mn, Fe, Mo, Np Os, Ru, and Pd in their different oxidation states. Results are shown in Table 4 . 
Results and Discussion

Theoretical Ionic Radii vis-à-vis Experimental Ionic Radii
The nature of the variation of the computed ionic sizes in groups and periods, and a comparative study of the computed sizes vis-à-vis the experimental size of ions can easily be performed from Table   1 and figs. 1 -9. It is already mentioned that wherever more than one experimental radii of an ion at the same oxidation state are available, we have taken mean of the different values. A look at the Table   1 We may refer to the curves of the experimental and theoretical radii in figs. 3, 6 and 7 where from it is evident that while the d-block and f-block contractions are nicely reproduced in the profiles of theoretical radii but the experimental radii do not follow the size contraction rule in the series. In fig.3 where the appearance of the curve of the experimental radii of the transition metal ions is anomalous 
Correlation of size behaviour
After rationalizing the size behaviour of the ions of the 3d-block transition metals, we may venture to propose a rationale of above observed relationships between the experimental and theoretical radii of the rest of the ions as below:
The crystal radii are determined by apportioning the X-ray spectrometrically measured closest inter ionic distance between the ions in the solid state. It is quite expected that the ions do not really touch each other and there remains some variable gap between the ions in solid state and hence by the method of determination of crystal radii this gap between the ions is automatically added to the ionic sizes. The inter ionic distance is bound to decrease with increasing co-valences between the ions, which should increase monotonically with increasing ionic potential which, in turn, increases with the increasing oxidation states of the ions. It may be predicted that the bonding between the ions with high oxidation states should be predominantly covalent than ionic. Thus, it transpires that the experimental or crystal radii of ions with small oxidation states shall be larger than the theoretical or absolute radii and the difference between the absolute radii and experimental radii should decrease steadily with increasing covalency and the physical situation may so change that and the crystal radii of ions with sufficient covalency will be smaller than the absolute radii. It is evident from the radii data in Table 1 and from their profiles in figs. 1-9 that the results are in conformity with the above prediction. Shanon Thus from the comparative study it transpires that trend of variation of the experimental ionic radii with oxidation states of metals and non-metal are anomalous and no simple correlation and rationalization of such size behaviour can be contemplated. But we have observed, in all cases, that the theoretical radii of ions of a particular element decrease monotonically with increasing oxidation states. This size behaviour follows from the shell structure of atoms. But it is evident from the above study that this trend is not followed by the available experimental radii in all cases.
Diamagnetic Susceptibility (χ dia )
The diamagnetic part of the susceptibility is calculated for as many as 16 typical ions through the formula laid down above and are shown in Table 2 . The computed χ dia values are plotted as a function of ionic radii in fig. 24 . The computed and the experimental diamagnetic susceptibility values [12, 37] are also plotted in fig. 25 for comparative study. The figure reveals the fact that the trends of both the experimental and theoretical curves are similar. Although the diamagnetic susceptibility is computed through the radii of all the electron shells, the nature of the profiles reveals that the diamagnetic susceptibility is perfectly correlated with variation of ionic radii. 
Polarizability (α) and Global Hardness (η)
The polarizability and global hardness are both size dependent property but are mutually inversely related because of the fact that polarizability is directly related and the hardness is inversely related to size. We have extrapolated the polarizability and hardness of some representative ions in figs. 26 -29.
The natures of the profiles demonstrate that the two properties correlate perfectly with each other.
When the hardness increases, the polarizability decreases and when hardness decreases polarizability increases. We could not verify the efficaciousness of the theoretical sizes of ions in terms of computed polarizability because of the fact that there seems to be no report of experimental polarizability of ions and hence there is no possibility of any comparative study of computed and experimental polarizability.
However, we have scope of making a comparative study of the computed hardness vis-à-vis experimental hardness. Pearson [38] published the global hardness of as many as 52 ions computed through ionization potential and electron affinity and they are labeled as "experimental" hardness.
Although hardness is not an experimental quantity, such hardness values are labeled as "experimental" probably in view of the fact that their determination relies upon experimental ionization potentials and electron affinities. Table 5 contraction in the ions of d-and f-block transition metals is correctly exhibited by the computed radii of such ions and there is good agreement between computed and experimental hardness of a number of ions. These may be used as benchmark to establish the validity of the computed theoretical radii as the representative absolute radii of the ions at their respective oxidation states. wrong representation of the sizes of the ions, and the theoretical determination of the sizes of ions is more reliable than the adopted experimental method. Thus, the theoretically computed radii of ions are visualizable size representation of ions and can be used as their absolute radii at the respective oxidation states.
